We cloned a genomic DNA encoding the glutamate decarboxylase (GAD) from Aspergillus oryzae using a 200-bp DNA fragment as the probe. This DNA fragment was ampliˆed by the reverse transcription polymerase chain reaction with mRNA of A. oryzae as the template and degenerate primers designed from the conserved amino acid sequence of Escherichia coli GAD and Arabidopsis thaliana GAD. Nucleotide sequencing analysis showed that the cloned gene (designated gadA) encoded 514 amino acid residues and contained three introns. Southern hybridization showed that the gadA gene was on a 6.0-kb SacI fragment and that there was a single copy in the A. oryzae chromosome. The cloned gene was functional, because one transformant of A. oryzae containing multiple copies of the gadA gene had 10-fold the GAD activity and a 12-fold increase in gamma-aminobutyric acid production compared with the control strain.
Key words: glutamate decarboxylase; gammaaminobutyric acid; A. oryzae; gadA Gamma-aminobutyric acid (GABA) is an amino acid that is widely distributed in nature, in animals and plants, and it is particularly known as a major inhibitory neurotransmitter in mammalian brain tissues. 1, 2) GABA has therapeutic properties; it improves headache, ringing in the ears, and amnesia caused by apoplexy and arteriosclerosis of the brain, because GABA activates blood ‰ow in the brain, increases the supply of oxidants, and accelerates metabolism of brain cells. In addition, GABA lowers blood pressure, because GABA inhibits the secretion of vasopressin (an antidiuretic hormone), increases the diuretic eŠect, and promotes discharge of super‰uous salt.
3) Such functions of GABA attract attention, and therefore, GABA-abundant diet components such as tea, 4) germinated brown rice, 5) and beni-koji 6) (solid culture of Monascus pilosus grown on steamed rice) are marketed as supplements in Japan. Sake contains GABA at approximately 20 ppm, and we found that GABA can be produced from rice-koji (solid culture of A. oryzae grown on steamed rice). The rice-koji contains GABA at approximately 200 mg W kg dry koji. GABA is generated by the decarboxylation of L-glutamate by GAD, and the GAD-encoding gene from various species, such as E. coli, 7) A. thaliana, 8) mouse, 9) and human 10) has been already cloned. However, the A. oryzae GADencoding gene has not yet been cloned. To clarify the mechanism of GABA production in A. oryzae and to obtain a strain of A. oryzae that produces much GABA, we set out to isolate the GAD-encoding gene from a lambda phage library of A. oryzae. In this paper, we describe the cloning and nucleotide sequencing of the functional GAD-encoding gene (gadA) from A. oryzae.
Materials and Methods
Strains, plasmids, and media. Aspergillus oryzae RIB128 was used as a DNA donor for construction of a lambda EMBL3 phage library. 11) A. oryzae M-2-3 (argB " ) 12) was used as a recipient strain in transformation experiments. Escherichia coli DH5a and the plasmid vectors, pUC119 13) and pCR2.1 14) (Invitrogen), were used for DNA manipulation. The dextrin-peptone-yeast extract (DPY) medium contained 2z dextrin, 1z polypeptone, 0.5z yeast extract, 0.5z KH2PO4, and 0.05z MgSO4 ・7H 2 O. The Czapek-Dox-peptone (CD-P) medium contains 0.3z NaNO3, 0.2z KCl, 0.1z KH2PO4, 0.05z MgSO4 ・ 7H 2 O, 0.002z FeSO 4 ・7H 2 O, 2z glucose, and 1z polypeptone.
mRNA puriˆcation and RT-PCR. A. oryzae RIB128 was cultured with shaking in the DPY medium at 309 C for 2 days. The mycelia were quickly frozen in liquid nitrogen and immediately disrupted by grinding with a mortar and pestle, and total RNA was prepared by the acid-guanidium-phenolchloroform method 15, 16) with Isogen (Nippon Gene).
We found several conserved regions by comparing the amino acid sequences of E. coli GAD and A. thaliana GAD. Finally, four conserved amino acid sequences (QIINDE, KFARY, WDFRLP, and QVIAQYY) that did not have a high degeneracy of codons were selected. We designed six oligonucleotides as primers for reverse transcription polymerase chain reaction (RT-PCR). QII-S had a sense DNA sequence corresponding to the amino acid sequence of the region QIINDE, 5?- 
WDF-AS had an antisense DNA sequence corresponding to the amino acid sequence of the region WDFRLP, 5?-
, and QVI-AS had an antisense DNA sequence corresponding to the amino acid sequence of the region
. Inosine was used as the base corresponding to A, C, G, or T.
Using these degenerate primers, rTth polymerase (Toyobo), and A. oryzae RIB128 mRNA as a template, RT-PCR was done with a thermal cycler (Gene Amp PCR System 9700, Perkin Elmer). The reverse transcription reaction was done for 30 min at 609 C. Following the denaturation for 2 min at 949 C, PCR was done in 40 cycles of 2 min at 949 C and 1 min 30 sec at 559 C followed by aˆnal cycle of 7 min at 559 C.
Plaque hybridization. Digoxigenin (DIG) labeling was done by PCR with a DIG PCR labeling mix (Boehringer Mannheim) and the RT-PCR product described above as a template. The resulting DNA fragment was used as a probe for plaque hybridization of the lambda EMBL3 phage library of A. oryzae RIB128. Hybridization and detection were done according to the manufacturer's instruction.
Genomic Southern hybridization. The mycelia were disrupted by the same method of mRNA puriˆ-cation, and then total DNA was puriˆed by repeated phenol W chloroform extractions followed by ethanol precipitation. Approximately 2 mg of total DNA was digested with several restriction enzymes, electrophoresed on an agarose gel, transferred onto a Hybond-N + nylon membrane (Amersham Pharmacia Biotech), and hybridized with a DIG-labeled probe at 689 C in a solution containing 5×SSC, 0.1z N-lauroylsarcosine, 0.02z SDS, and 1z blocking reagent. Following hybridization overnight, the membrane was washed twice for 5 min in 2×SSC W 0.1z SDS at room temperature and was washed twice for 15 min in 0.5×SSC W 0.1z SDS at 689 C. Detection was done with a DIG DNA Labeling and Detection kit (Boehringer Mannheim).
Nucleotide sequencing. We designed two oligonucleotides as primers for 5?RACE and 3?RACE; one had an antisense DNA sequence corresponding to the amino acid sequence of ASFTLNF, 5?-GAAG-TTCAGGGTAAAACTGGC-3?, and the other had a sense DNA sequence corresponding to the amino acid sequence of WRSPEYL, 5?-TGGCGGTCC-CCGGAATATCTC-3?. The DNA fragment amplied by RT-PCR and the cDNA of the 5?-end and 3?-end ampliˆed by a 5? W 3?RACE kit (Boehringer Mannheim) 17) were inserted into pCR2.1. The HindIII-SacI fragment of genomic DNA containing gadA was inserted into pUC119. These nucleotides were sequenced by the dideoxynucleotide chain termination method 18) with an automated DNA sequencer (ALFred, Amersham Pharmacia Biotech).
Transformation experiments. Transformation of E. coli and A. oryzae was done by the methods of Hanahan 19) and Gomi et al., 12) respectively.
Northern hybridization. Transformants were grown in 50 ml of the CD-P medium with 20 mM Lglutamate at 309 C for 2 days. Total RNA was prepared by the method described above. Approximately 20 mg of total RNA was electrophoresed in a formaldehyde-agarose gel, transferred onto a Hybond-N + nylon membrane, and hybridized with the DIG-labeled probe. Detection was done with a DIG DNA Labeling and Detection kit.
Measurement of GABA and assay of GAD activity. The transformants were grown in the CD-P medium with 20 mM L-glutamate at 309 C for 3 days. The culture broth wasˆltered with aˆlter paper (Advantec, No. 5C), and the amount of GABA was measured with an amino acid analyzer (L-7100, Hitachi). On the other hand, the mycelia were frozen rapidly in liquid nitrogen and immediately disrupted by grinding with a mortar and pestle. The disrupted mycelia were suspended in 0.01 M succinate buŠer (pH 5.7). The suspension was shaken at 49 C for 30 min, followed by centrifugation at 700×g for 30 min, and the crude enzyme solution was obtained as the resulting supernatant. GAD activity was measured by the method of Okada et al. 20) except that an amino acid analyzer was used for the measurement of GABA. One unit of enzyme activity was deˆned as the amount of enzyme that produces 1 mmol of GABA W h under these conditions. Protein was assayed with a protein assay kit (BioRad) with bovine serum albu- The protein-coding region and the direction of transcription are indicated by a solid box. Four transformants (G1-4) with gadA were assayed for GAD activity and GABA productivity. Numbers in parentheses indicate ratios of GAD activity and GABA productivity when the control transformant (C1) with pOCT1 is taken as 1.0.
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min as a standard.
Results
Ampliˆcation of cDNA by RT-PCR RT-PCR was done with six kinds of combination of the sense primer and antisense primer. When the combination of WDF-S and QVI-AS was used, a predicted 200-bp fragment was ampliˆed (not shown). This fragment was inserted into pCR2.1, and sequenced. The amino acid sequence deduced from this DNA sequence had high similarity with sequences of E. coli GAD and A. thaliana GAD. Therefore, it was suggested that this DNA fragment was a partial cDNA of the GAD-encoding gene of A. oryzae.
Cloning of genomic DNA With the RT-PCR product described above as a probe, screening of the lambda EMBL3 phage library of A. oryzae was done. Four positive clones that contained common 6.0-kb SacI fragments were obtained from the 15,000 plaques screened. This fragment was subcloned into pUC119 and a restriction map was made (Fig. 1 ).
Nucleotide and deduced amino acid sequence of the GAD-encoding gene (gadA)
The HindIII-SacI fragment, which hybridized to the DIG-labeled probe, was subcloned into pUC119, and was sequenced. The complete cDNA sequence was found by 5?RACE and 3?RACE using mRNA of A. oryzae RIB128 as a template. Analysis of the nucleotide sequence indicated that the cloned gene (designated gadA) encodes a protein of 514 amino acids and contains four exons and three introns (Fig. 2) .
The deduced amino acid sequence of A. oryzae GAD showed a high degree of similarity with those of E. coli GAD and A. thaliana GAD (42z and 53z, respectively). A histidine residue important in GAD function and the adjacent lysine required for the binding of the pyridoxal-phosphate cofactor 21) are conserved (Fig. 3) .
Copy number of the gadA gene
To ascertain the copy number of the gadA gene in A. oryzae, genomic Southern hybridization was done with the RT-PCR product as a probe. A single band was observed for genomic DNA digested with several restriction enzymes (Fig. 4) . This indicates that the gadA gene exists as a single copy in A. oryzae RIB128.
Expression of the gadA gene in A. oryzae The argB marker gene was inserted into the Pst I site of pUC119, yielding pOCT1. A 6.0-kb SacI fragment containing the gadA gene was inserted into pOCT1, yielding pGAD2a. pGAD2a was introduced into A. oryzae M-2-3. Four independent transformants (G1-4) were selected, and cultured in the CD-P medium containing 20 mM L-glutamate to assay intracellular GAD activity and the amount of GABA in the medium.
All transformants except the G4 strain showed an 8 to 10-fold GAD activity and a 5 to 12-fold GABA production compared with the control strain (C1) in which pOCT1 is transformed. G1 strain showed the highest GAD activity and GABA production in all transformants (Table 1 ). This indicates that the cloned gadA is functional. Southern hybridization showed that multiple copies of the plasmids were integrated into the genome of all transformants except the G4 strain (Fig. 5, upper) . Northern hybridization showed that the transcriptional levels of gadA in all transformants except for the G4 strain were higher than that in C1 (Fig. 5, lower) . However, the number of copies did not correlate with the transcriptional level. On the other hand, the transcriptional level of gadA in transformants was highly correlated with GAD activity and GABA production.
Discussion
In this report, we have described the cloning and sequencing of the glutamate decarboxylase-encoding gene (gadA) from A. oryzae, and the overexpression of the cloned gadA gene in A. oryzae. The gadA gene had an open reading frame of 1712 bp disrupted by three introns and encoded 514 amino acid residues. The deduced amino acid sequence of A. oryzae GAD showed a high degree of similarity with those of E. coli GAD and A. thaliana GAD (42z and 53z, respectively). The GAD-encoding gene seems to be highly conserved in various species. The cloned gadA gene was found to be functional, because transformants of A. oryzae containing multiple copies of this gene showed increased GAD activity and GABA production compared with the control strain.
The action of GABA as an intercellular signaling molecule has been intensively studied, because it is a major inhibitory neurotransmitter located in mammalian brain tissues.
3) Although much GABA is found in plants and bacteria, the role of GABA has been poorly understood except that it is a metabolite Two micrograms of genomic DNA of A. oryzae RIB128 was digested with KpnI, SacI, or SphI, electrophoresed on an agarose gel, and transferred to a Hybond-N + nylon membrane. Southern hybridization was done with a DIG-labeled RT-PCR product as a probe. Lane M is of molecular size markers. (Upper panel) Two micrograms of total DNA was digested with BamHI, electrophoresed on an agarose gel, transferred to a Hybond-N + nylon membrane, and hybridized with a DIGlabeled RT-PCR product as a probe. Lane M is of molecular size markers.
(Lower panel) Twenty micrograms of total RNA was electrophoresed on a formaldehyde-agarose gel, transferred to a Hybond-N + nylon membrane, and hybridized with a DIGlabeled RT-PCR product as a probe.
of glutamate. However, it was reported recently that the S. cerevisiae L-glutamate metabolism pathway is involved in oxidation tolerance. 21) In addition to the roles of GABA as a neurotransmitter and endocrine regulator, glutamate W GABA metabolism is a key contributor to the ability of cells to tolerate oxidative insult. It will be interesting toˆnd whether the glutamate metabolism pathway in A. oryzae is involved in oxidation tolerance as it is in S. cerevisiae.
In this study, we succeeded in increasing GABA production by overexpression of GAD in A. oryzae. We are interested in the gadA gene expression under various culture conditions.
